In this study we test the hypothesis that mechanically elastic regions in a virus particle (or large biomolecular complex) must coincide with conformationally dynamic regions, because both properties are intrinsically correlated. Hypothesis-derived predictions were subjected to verification by using 19 variants of the minute virus of mice capsid. The structural modifications in these variants reduced, preserved, or restored the conformational dynamism of regions surrounding capsid pores that are involved in molecular translocation events required for virus infectivity. The mechanical elasticity of the modified capsids was analyzed by atomic force microscopy, and the results corroborated every prediction tested: Any mutation (or chemical cross-linking) that impaired a conformational rearrangement of the pore regions increased their mechanical stiffness. On the contrary, any mutation that preserved the dynamics of the pore regions also preserved their elasticity. Moreover, any pseudo-reversion that restored the dynamics of the pore regions (lost through previous mutation) also restored their elasticity. Finally, no correlation was observed between dynamics of the pore regions and mechanical elasticity of other capsid regions. This study (i) corroborates the hypothesis that local mechanical elasticity and conformational dynamics in a viral particle are intrinsically correlated; (ii) proposes that determination by atomic force microscopy of local mechanical elasticity, combined with mutational analysis, may be used to identify and study conformationally dynamic regions in virus particles and large biomolecular complexes; (iii) supports a connection between mechanical properties and biological function in a virus; (iv) shows that viral capsids can be greatly stiffened by protein engineering for nanotechnological applications.
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nanotechnology | scanning probe microscopy | single-molecule analysis | virus mechanics V iruses constitute relevant models to study biological nanomachines. A major advance has been the recognition of virus particles as highly dynamic macromolecular assemblies (1) (2) (3) (4) . During the infection cycle, viral particles may experience biologically relevant structural rearrangements that involve local atomic displacements and reorganization of noncovalent interactions between atomic groups. Limited proteolysis/mass spectrometry and other techniques have been applied to explore virus particle dynamics (5, 6) . Unfortunately, detection of subtle, transient dynamic events in a viral particle (or any other large biomolecular complex) and their tracing to specific regions in the particle are still difficult tasks.
Developments in atomic force microscopy (AFM) (7, 8) have recently led to the experimental investigation of the mechanical properties of single virus particles (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The mechanical elasticity of virions and capsids can be probed using the approach pioneered in ref. (9) . Individual particles are physically deformed (indented) by application of a controlled force through the tip of an AFM microscope. For small indentations, the particle behaves as an ideal mechanical spring. Using Hooke's law, the relationship between force and indentation depth is used to calculate the spring constant, k s , which provides a measurement of the local mechanical stiffness of the viral particle, at the region contacted by the tip, along the direction of the applied force. The elastic thin shell model (26) generally provides a good geometrical approximation to a virus capsid and can be used to calculate the Young's modulus that characterizes the intrinsic stiffness of each region probed (9, 27) .
Studies on virus mechanics so far have been undertaken largely by physicists wishing to understand the physical behavior of unique examples of "soft" condensed matter capable of self-assembly into nanoparticles with potential applications in nanotechnology (18, 20, 25) . In addition, hypotheses on possible biological roles for some of the elastic features found in different viruses have been put forward (10, 13-15, 19, 24, 25) . However, to our knowledge no support for an involvement of the mechanical elasticity of virus particles in biological function had been provided by subjecting any hypothesis to experimental corroboration.
In this study we experimentally challenge the hypothesis that mechanical elasticity and conformational dynamics in a virus particle are inextricably correlated. Not because one is the cause and the other the effect, but because they are two manifestations of the same physical phenomenon: If a region of a viral particle can be varied from its minimal free energy conformation without requiring too much energy, a structural biologist may detect a conformationally dynamic region; whereas a physicist using AFM may detect a mechanically highly elastic region. The phenomenon would be the same, but it would be detected in different ways by probing different properties. If the hypothesis of a phenomenological equivalence between conformational dynamism and mechanical elasticity is correct, regions of higher mechanical elasticity in a virus particle must match conformationally more dynamic regions. Determination by AFM of the k s of different regions in a viral particle could then be used to identify dynamic regions and investigate the role of elasticity/dynamics in biological function.
The nonenveloped minute virus of mice (MVM) provides a simple model to corroborate or disprove the above hypothesis. The small, T ¼ 1 icosahedral capsid of MVM is formed by 60 equivalent protein subunits with the same fold (28, 29) (Fig. 1) . In the MVM virion, segments of the single-stranded (ss) viral DNA bound to equivalent sites at the capsid inner wall act like molecular buttresses that decrease the mechanical elasticity of most regions in the virus particle (10, 15) . However, the regions around the fivefold symmetry (S5) axes in the virion are free from bound DNA segments and remain as elastic as in the empty (DNA-free) capsid. The bound DNA segments also provide the virion with the biological advantage of increased resistance against thermal inactivation (30) . Interestingly, the regions in which virion-stabilizing bound DNA segments are absent (the S5 regions) are conformationally highly dynamic.
In MVM, narrow channels (pores) at the S5 axes are involved in the externalization of molecular signals located in the N-terminal segments (Nt) of capsid proteins VP2 and VP1 (a VP2 subunit with a longer Nt), and in the encapsidation and uncoating of the viral DNA (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . These biologically relevant events require a conformationally dynamic structure at the S5 regions to allow the aperture and closing of the pores and other rearrangements. In vivo, externalization of the VP2 Nt, required for nuclear export of the virion and subsequent events in the viral cycle, occurs in response to DNA encapsidation (34, 39) . In vitro, the same event can be triggered in DNA-free capsid-like particles by mild heating (32, 35) ; this event is associated with a conformational transition of the capsid that propagates beyond the pores and produces slight changes in the exposure of tryptophan residues to solvent, which can be detected by fluorimetry (35) . Capsid-like particles with amino acid substitutions surrounding the base of the pores still contain the VP2 Nt inside, but do not undergo a heat-induced rearrangement detected by fluorimetry, and show alterations in VP2 Nt externalization (36) . Introduction in the virion of those same mutations (36) , or others at a nearby position (L172) (37, 38) , dramatically reduced infectivity at 37°C (36, 43) , impaired infection at 32°C, and caused untimely genome uncoating during cell entry (43) . In short, mutations of residues at the base of the pores in the MVM capsid impair the biologically relevant conformational dynamics of the S5 (pore) regions. Mutations of residues lining the S5 pores of adeno-associated virus type 2, a related virus, also impair local dynamics (44) .
When applied to MVM, the hypothesis that mechanical elasticity and conformational dynamism are intrinsically correlated leads to testable stringent predictions: (i) Any modification in the capsid that impairs the dynamics of the S5 regions (reflected in impairment of the pore-associated conformational transition detected by fluorimetry) should increase the mechanical stiffness of the S5 regions, and vice versa; (ii) any modification that does not impair the pore-associated transition should preserve the mechanical elasticity of the S5 regions, and vice versa; (iii) no correlation should be observed between S5 dynamics and the elasticity of capsid regions different from S5.
Here we have repeatedly tested those predictions in different ways by comparing the conformational and mechanical features of 19 structurally modified MVM capsids with those of the unmodified (WT) capsid. The results provided multiple independent corroborations of the hypothesis under test. This study validates local mechanical elasticity in a virus particle as a fundamental physical manifestation of conformational dynamism at the atomic level, and supports a connection between virus mechanics and biological function.
Results

Topography of Mutant MVM Capsids and Comparison of Mechanical
Stiffness. AFM imaging in physiological buffer revealed for each mutant capsid the major topographic features (spikes at S3, dimples at S2, and cylindric prominences at S5; Fig. 1 and Fig. S1 ) that served to determine the orientation of individual particles and the region in each particle for which elasticity could be measured (10) . No significant alterations in topography were detected for any mutant (Fig. S1 ).
The mechanical stiffness of capsids in the same buffer was then determined in indentation experiments using AFM. For each mutant capsid and region analyzed, a high number of measurements (between 41 and 143 indentations of 4 to 20 particles) were carried out. Cantilevers with a k c of 0.1 N∕m were used and yielded high quality, reproducible measurements; the average k s values obtained for the reference capsid were indistinguishable from those obtained with softer cantilevers (15) . Cantilevers with a higher k c (e.g., 0.3 N∕m) led to sample damage. Modifications in capsid preparation had no significant effect in k s , but, even so, the same conditions were used for all variant capsids. As expected from their identical architecture, authentic MVM capsids and capsid-like particles (made only of VP2) showed the same k s (0.59 AE 0.11 N∕m and 0.60 AE 0.12 N∕m, respectively).
Mutations in the MVM Capsid That Impair the Pore-Associated Conformational Dynamics Increase the Mechanical Stiffness Around the Pores. Five mutations (V40A, S43A, N149A, N170A, D263A) at the base of the S5 pores ( Fig. 1 ) had been shown to impair the conformational transition detected by fluorescence and nearly abolish virus infectivity (36; Table 1 ). We have now constructed capsid-like particles carrying mutation L172A and have shown that it also impairs the pore-associated rearrangement ( Fig. 2A and Table 1 ) as expected from its location at the base of the pores and its negative effect on infectivity (37, 38) . According to the first prediction derived from the challenged hypothesis, the impairment of the pore-associated transition caused by any of those six mutations should be paralleled by an increase in the mechanical stiffness of the S5 regions in the capsid. AFM analysis corroborated this prediction for each and every one of those mutants ( Fig. 3A and Table 1 ). The increase in k s ranged from 34% to 66% relative to the WT capsid, and a Student t-test confirmed that these substantial increases in k s are statistically highly significant.
Mutations in the MVM Capsid That Have No Effect on the Pore-Associated Conformational Dynamics Preserve Mechanical Elasticity
Around the Pores. It could be argued that the observed increase in S5 stiffness could be not specific of mutations that impair S5 dynamics. Thus, we used eight additional mutants to test the second hypothesis-derived prediction: Any mutation that does not impair the pore-associated dynamics should preserve the elasticity of the S5 regions.
Two mutations (N74A, I167A; Fig. 1 ) were chosen because they are located in S5, close to the pore wall, but still preserve the pore-associated conformational transition and virus infectivity (36) ( Table 1) . Six other mutations were chosen because they also preserve the pore-associated transition (45) ( Table 1) ; we have now showed that they have no substantial effect on infectivity either (Table 1) . These mutations were designed to increase the size of the cavities in the capsid by reducing the size of the side chain (L113A, Y188F) or reduce the size of the cavity by increasing the size of the side chain (L113F, L143F, Y188W) or modify the shape of those cavities (M497L) (45) (Fig. 1) . By analogy with a sponge, we reasoned that these mutations could be prone to modify capsid stiffness. Remarkably, AFM analysis showed that none of those eight mutations had any statistically significant effect on the k s of the S5 regions ( Fig. 3B and Table 1 ), thus corroborating the second prediction.
Two other mutant capsids (D58A, N183A; Fig. 1 ) provided an opportunity to test this prediction in reverse. These mutations had been previously shown to have no effect on the mechanical elasticity of the S5 regions (15) ( Table 1) . We have now obtained capsid-like particles containing D58A or N183A and proved by fluorimetry that they do not impair the pore-associated transition either ( Fig. 2A and Table 1 ).
The Correlation Between Dynamics at the Pore Regions and Capsid Elasticity Are not Observed When the Mechanics of Other Capsid
Regions Is Probed. A third prediction of the tested hypothesis was that no correlation should be observed between S5 dynamics and mechanical elasticity of capsid regions other than S5. To test this prediction, we determined the effect of all of the above mutations on the elasticity of the regions around twofold (S2) and threefold (S3) symmetry axes. Many of those mutations led to substantial, statistically validated increases in k s at S2 and/or S3, that ranged from 22% to 139% (Figs. S2 and S3 and Table S1 ). However, many of these mutations still preserved the pore-associated rearrangement and virus infectivity, thus corroborating the third prediction.
Increasing Mechanical Stiffness at the Pore Region by Chemical Means
Impairs the Pore-Associated Conformational Dynamics. It could still be argued that the increase in S5 stiffness by mutations around the base of the pores could be a coincidental consequence of altering the local structure without being necessarily connected to the impairment of S5 dynamics by the same mutations. Thus, we looked for an alternative method to increase the stiffness of the S5 regions. The aim was to test whether the correlation between S5 stiffness and dynamics occurred irrespective of the type and location of the underlying structural modification.
We chose to modify the WT capsid by cross-linking lysine residues with glutaradehyde. Inspection of the capsid structure indicated that no cross-linkable lysines are found at the base of the pores. AFM analysis showed that the k s of S5 regions in cross-linked capsid-like particles was, as intended, significantly higher than in intact capsid-like particles (Fig. 4 and Table 2 ). Then, the pore-associated conformational transition was probed by fluorimetry of the same particles. As predicted, the increased S5 stiffness obtained by cross-linking was paralleled by the disappearance of the transition (Fig. 2B and Table 2 ). L172A, D263A) reduced both conformational dynamics and mechanical elasticity of S5 regions. We aimed now at testing whether the local conformational dynamics and mechanical elasticity of the WT capsid could be restored together by pseudo-reversion at some of those positions. We chose pseudo-reversions A43T, A170L, A172I, and A263N for testing. Two of those four pseudo-reversions (A172I, A263N) restored as intended the pore-associated conformational transition (Table 2 ). According to the challenged hypothesis, restoration of S5 dynamics should be paralleled by restoration of S5 elasticity. AFM analysis showed, as predicted, that the k s of the S5 region in A172I and A263N was lower than in L172A and D263A and indistinguishable from that of the WT capsid, and these results were statistically validated (Fig. 4 and Table 2 ).
Discussion
Some regions in a virus particle may require less energy than others to change the spatial position of the atomic groups in them away from the minimum free energy conformation. The energy may be provided in bulk biochemical experiments by heat or other physicochemical means, and such regions could be described in atomic terms as conformationally more dynamic. The same energy may be provided in single-molecule AFM experiments by the application of mechanical force, and such regions could be described in terms of fundamental mechanics as more elastic. This hypothesis of a phenomenological equivalence between conformational dynamism and mechanical elasticity should not, however, be regarded as obvious. For example, in indentation experiments energy is directionally applied, and mechanical deformation is also directional.
We tested the above hypothesis by comparing predicted and observed effects of many different modifications in the MVM capsid on the conformational dynamics and mechanical elasticity of the S5 (pore) regions. The results corroborated every hypothesis-derived-prediction: (i) Every one of six alanine mutations at the base of each pore and chemical cross-linking of lysines located elsewhere both prevented the conformational rearrangement and increased the mechanical stiffness of the S5 regions; (ii) every one of 10 mutations at other positions in the capsid, including some at S5, close to the pores, preserved the conformational rearrangement and the mechanical elasticity of the S5 regions; (iii) the pseudo-reversion of two mutations at the base of Fig. 3 . Comparison of the mechanical stiffness at the S5 regions between the WT and mutant MVM capsids. Each histogram depicts the number of determinations relative to the k s obtained for a capsid variant. In each graph, the histogram in purple corresponds to the WT capsid, and the one in a different color to a mutant capsid (labeled). (A) Capsids that carry a mutation that impairs both S5 dynamics and virus infectivity relative to the WT (Table 1) . (B) Representative examples of capsids that carry a mutation that neither impair S5 dynamics nor virus infectivity relative to the WT. For statistical analysis see Table 1 . Center: comparison between mutant capsids L172A (that lost the conformational transition) and A172I pseudo-revertant (that recovered the conformational transition). Right: Comparison between D263A (that lost the conformational transition) and A263N pseudo-revertant (that recovered the conformational transition). For statistical analysis see Table 2 . Table 2 . Effect of cross-linking (wtGad) and pseudo-reversions A172I and A263N on pore-associated rearrangement and mechanical stiffness at S5 regions in the MVM capsid the pores restored both the conformational rearrangement and mechanical elasticity of the S5 region in the WT capsid but in a different genotypic context (in other words, in each of these cases, one of two different mutations of the same residue reduced both S5 dynamics and elasticity, while the other mutation preserved both of them); and (iv) the inextricable correlation between the pore-associated dynamics and mechanical elasticity held only for the S5 (pore) regions and not for other capsid regions. It should be emphasized at this point that the biunivocal correspondence between local dynamics and elasticity in this model capsid was not the product of finding a posteriori an unforeseen correlation between sets of previously obtained results. Instead, the perfect correlation found had been actually predicted by a hypothesis that we repeatedly subjected to experimental corroboration or disproval. Uncoupling of conformational dynamics and mechanical elasticity for just one single capsid variant out of the 19 tested could have falsified the hypothesis. In fact, the hypothesis was corroborated each time it was challenged, using different approaches. Other explanations to the results obtained could be constructed, but they would require a number of assumptions-e.g., by invoking several unlikely, unwarranted coincidences. The proposed phenomenological identity between conformational dynamics and mechanical elasticity provides the simplest explanation we could find that is consistent with all of the available observations and was corroborated by every one of the experimental results obtained.
The lateral resolution of the indentations at S5 is not enough to determine the mechanical elasticity of the pore walls. What is being measured is the overall elasticity of a wider region around the pore, but this region is involved in the pore-associated dynamics (35, 36) . It has been suggested that mutations at the base of the pores may alter local dynamics by keeping the pores effectively frozen in an open configuration; this could facilitate the observed untimely egress of VP1 Nt and release of DNA in virions carrying these mutations (43) . The observed S5 stiffening by such mutations (this study) and the fact that they still allow VP2 Nt externalization from capsid-like particles but in a less cooperative process (36) are consistent with that possibility. However, in the absence of crystal structures for the mutant capsids, the structural bases of impaired S5 dynamics and stiffening effects may be only guessed. Small-to-large substitutions that could fill capsid cavities all led to increased stiffness at S2 and S3 regions nearby, as expected. Remarkably, some (not all) large-to-small substitutions surrounding cavities and alanine mutations at the base of the pores also increased local or global capsid stifness. Virtual mutagenesis suggests that removal of a hydroxyl (S43A), an amide (N149A, N170A) or a carboxylate (D263A) at the base of the pores could remove some local interactions and/or steric effects, and the exposed methyl group could minimize its exposure to solvent by local repacking. V40 and L172 interact with each other, and truncation of either apolar side chain may reorganize the pore wall. In each case, the local repacking could lead to increased resistance to mechanical deformation, as observed.
The next step may be to test whether the dynamics-elasticity relationship may be generalized to other capsid regions, viral particles, and nonviral assemblies. Indeed, some preliminary evidence suggests that such an intrinsic relationship can be tentatively invoked to explain the observed effects of the capsid-bound DNA segments in MVM (15, 30) . The reduced resistance of the virion to thermal inactivation by mutations that disrupt capsid-DNA interactions appears to be due to the facilitation of a heatinduced nonproductive conformational rearrangement of the particle (30) . The mechanical effects of two of those mutations were tested, and both were found to increase the elasticity of S2 and S3 regions in the virion (15) . Although further studies are needed in this case, it is tempting to suggest that mechanical elasticity of the S2-S3 regions may be correlated with the virus-inactivating dynamics based on those regions.
From a biological point of view, this study provides strong experimental support for the suggested (15) adaptive role of the DNA-mediated, anisotropic distribution of mechanical elasticity in the MVM virion. MVM may have evolved DNA-binding sites in its capsid because the DNA-mediated structural rigidification of most capsid regions (seen by AFM as an increase in k s at S2 and S3) increases virion thermostability (by impairing a virioninactivating conformational rearrangement). In contrast, the regions around the capsid pores may have been kept free of bound DNA by negative selection, because a rigidification of these regions (seen by AFM as an increase in k s at S5) impairs the S5 dynamics required for infectivity. To sum up, the anisotropic mechanical stiffness determined by AFM reflects the unequal distribution of structural elasticity/conformational dynamism in the MVM particle and may have arisen as a biological adaptation to prevent virion inactivation without impairing infection.
From a methodological point of view, this study proposes that determination by AFM of the k s of different regions in a viral particle or biomolecular assembly may be used to identify conformationally dynamic regions. Those regions with relatively low k s could be inferred to have a higher conformational dynamism and propensity for structural rearrangements. Mutations could be introduced at these regions, and variations in stiffness determined by AFM (indicating variations in dynamics) could be associated to changes introduced by those same mutations in different properties and functions of the viral particles and their roles in biological function.
From a nanotechnological point of view, this study shows that viral capsids can be greatly stiffened by protein engineering, leading to the mechanically strongest (more rigid) capsids known to date; their calculated Young's moduli (up to 2.8 Gpa) (10) are about twofold higher than those of the stiffer virus capsids analyzed yet (25) . Stiff viral nanoparticles may be useful for applications where structural rearrangements in a virus-based nanomaterial or nanodevice may be undesirable (25) .
Materials and Methods
Recombinant Plasmids and Mutagenesis. Plasmid pSVtk-VP1/2 provided by J. M. Almendral from our institution (46) or bacmid BM-VP2 (35) were, respectively, used for the production of capsids made of VP1 and VP2 or capsid-like particles made of VP2 only. Plasmid pTRp, originally provided by P. Tattersall, Yale University (47), and modified (46) , was used for production of virions. Site-directed mutagenesis was carried out using the QuikChange kit (Stratagene). To obtain variant VP1/VP2 capsids or VP2-only capsids, mutations were, respectively, introduced in pSVtk-VP1/2 or in pFB1-VP2 and transferred to BM-VP2. The presence of the mutations was confirmed by sequencing.
Expression and Purification of Empty Capsids and Virions of MVM. For production of VP2-only capsids, H-5 cells were transfected with BM-VP2, and the capsids were purified (32) . For production of VP1/VP2 capsids or virions, NB324K cells were, respectively, transfected with pSVtk-VP1/2 or pTRp, and the capsids were purified (10, 33) . Preparations were dialyzed against PBS. Purity and integrity were assessed by electrophoresis, electron microscopy, and/or AFM. For cross-linking of capsid-like particles, these were incubated in PBS with 0.25% glutaraldehyde during 30 min at room temperature and dialyzed.
Thermodynamic Analysis of Conformational Changes of Viral Particles by Spectrofluorimetry. Changes in conformation were analyzed by following the variation in intrinsic tryptophan fluorescence at moderate temperatures when subjected to thermal gradients, as described (35) . The capsids dissociated only at very high temperatures (75°C).
Virus Infectivity Assays. Virions were titrated in duplicate in plaque-formation assays that were reproduced and averaged.
Atomic Force Microscopy of Empty Capsids. AFM experiments were carried out essentially as described (10, 15) . The AFM (Nanotec Electrónica) was operated in jumping mode (48, 49) in liquid. RC800PSA cantilevers (Olympus) with a nominal k c of 0.1 N∕m were used. The actual k c of each cantilever used was determined (50) . For MVM imaging and mechanical analysis, purified empty capsids adsorbed on glass and kept in PBS were used. The maximum normal force during imaging was about 100 pN. AFM images were processed by using WSxM software (51) . Capsid stiffness was determined as described (10) . To keep within the range of a linear elastic response and avoid particle damage, only force-vs.-distance (Fz) measurements that involved indentations between 0.5 nm and 2.0 nm were considered. The local stiffness (k s ) of the particle was obtained by assuming that the particle and cantilever behave as two ideal springs in series (9-11, 14, 15, 21, 22) .
Statistical Analysis. The k s values followed a normal distribution described by a Gaussian fitting, as corroborated using normality tests, and as observed for other virus particles. The statistical significance of k s differences was evaluated using OriginPro8 (OriginLab). To statistically validate that two k s distributions are different, the two population two-tailed Student t-test was used, with an alpha level ¼ 0.05. Equal variance was not assumed, providing a more stringent test.
Molecular Graphics and Structural Analyses. The refined Protein Data Bank coordinates of the MVMi virion (1Z1C) and MVMp empty capsid (1Z14) (29) were used.
